The turbine/alternator (T/A) in the M734Al Multi-Option Fuze for Mortar (MOFM) was identified as a component whose performance was altered by exposure to the m-bore magnetic induction produced by the armature in an electromagnetic railgun. Passive shielding techniques were developed to attenuate the exposure field. A model, based on the experimental results, was used to predict shielding effectiveness. Results were verified by subjecting T/As to the exposure field. No statistically significant changes in T/A output were observed for magnetic induction less than 0.06 T. Significant degradation in performance'was observed for magnetic induction greater than 0.1 T. Active shielding was also demonstrated. This technique was implemented with coil windings mounted in the bore insulators and powered by an external power supply. The in-bore magnetic induction produced by the armature was canceled down-bore of the armature. The technique provides for mitigation of large magnitude exposure fields where otherwise passive shielding may become unwieldy.
l. INTRODU~TX~N
The electromagnetic railgun is a launcher capable of accelerating projectiles to hypervelocity. While much attention has focused on performance with kinetic energy penetrators, precision guided munitions (PGMs) are also considered because of their ability to carry electronics and energetic payloads. In principle, PGM launch packages are compatible with railguns. However, there exists the potential for the exposure to the in-bore electric and magnetic fields. It seems reasonable to assume that current technology will be implemented in PGMs launched from railguns. To date, a railgun has not launched a PGM. However, experiments have been conducted where electronic circuit components have been launched from railguns [ 1, 2, 3] . No deleterious effects on the electronics were noted in these experiments.
A more recent effort focused on the exposure of the Multi-Option Fuze for Mortar (MOFM) circuitry to the in-bore environment [4] . In this investigation, the projectile was restrained in-bore but exposed to field levels consistent with a full-scale hypervelocity weapon.
The in-bore environment contained spectra from solid armature and transitioned armature contact operation. While no adverse effects were noted in the function of the radar and microprocessor, minor degradation in the performance of the turbine/alternator (T/A) was noticed. The T/A is used in the MOFM to supply electrical power to the circuitry while the round is in flight. The flow of air is diverted through a port in the nose to the turbine, which is located roughly 40 mm b aft of the nose. The turbine is attached to the alternator on a common shaft. The rotor in the alternator contains permanent magnets to provide the excitation field in the alternator. When the rotor spins, the stator windings produce an output voltage that is used to supply power to the onboard electronics. The exposure to the in-bore field caused the permanent magnets in the T/A to become slightly demagnetized. There was less force retarding the motion of the rotor and, for a given air flow, the rotor was able to spin at a higher velocity. Hence, the T/A produced a higher frequency output. The permanent magnets also provided the excitation field that produced the output voltage. With a lower excitation field, the voltage magnitude decreased.
In the tests reported here, the magnitude of the exposure field was increased by 25% from previous tests. Conducting materials were then used to reduce the fields with emphasis on increasing the survivability of the component. Moreover, 25 T/As were subjected to the fields. A somewhat statistical representation of the effect of the exposure is generated as a function of the field exposure levels. A picture of the M734Al fuze body and T/A is shown in Figure 1 . In addition to attenuating the fields by using conducting materials, magnetic fields can be reduced by supplying a magnetic field that is 180' out of phase with the source field. This technique, called active shielding, is easily accomplished by pulsing a small coil located in the bore with a current that is similar in wave-shape to the current flowing in the armature. An experiment was conducted whereby the active shielding technique was used to reduce the in-bore field.
This report is organized as follows. Section 2 describes the experimental arrangement.
Materials are described for attenuating the field. Section 3 presents the results from exposing the T/As. Section 4 describes experimental results for an active shield configuration, and finally, Section 5 contains the summary and conclusions. 
EXPERIMENT
This section addresses the experiment and tests used to generate and attenuate the in-bore magnetic field. Some success had been achieved using analytical approaches for the attenuation of alternating and static induction fields [5] . However, because of the three-dimensional geometry, transitory nature, and nonlinear behavior of magnetic materials, an experimentally based modeling approach was adopted. The exposure field was 25% greater than previously generated [4] . Conducting materials were evaluated that would attenuate the exposure field to a level equal to that previously generated and a value 25% less than that. Once the configurations were selected that could accomplish this task, the T/As were shielded and exposed to these fields.
The T/A was located in the body of the fuze approximately 15 mm from the base of the fuze body. The experiment was configured so that the in-bore magnetic field was the same that would be generated in a full-scale hypervelocity railgun launching a PGM with electronics located five bore diameters ahead of the armature. In prior measurements, the field was measured at the T/A location to be 0.084 T at an initial capacitor voltage of 2 kV. The current flowing in the armature was 233 kA and rose to peak in 0.45 ms. In order to generate a 25% increase in the exposure field, with the T/A located in the same location, a 25% increase in the initial charge voltage (2.5 kV) was required. The resultant magnetic field was 0.105 T.
The magnetic fields were measured as a function of the axial length of the launcher with a probe that senses the time rate of change in the magnetic induction field (dB/dt). The probe was constructed from seven turns of 24-gage wire wound on a polyethylene form. The probe had a uniform frequency response to 6 MHz [4] and was calibrated in a transverse electromagnetic wave cell. The probe was mounted in a polyethylene cylinder (i.e., probe mount) on the centerline of the bore. The cylinder had an outside diameter equal to the diameter of the body of the fuze (43 mm). Cylinders of conducting materials, formed from sheet material, were placed on the probe mount and exposed to the in-bore fields. The ratio of the measured field without the shield material to the measured field with the shield material in place is called the magnetic shielding effectiveness (MSE). Typically, the MSE is complex. However, in this report, only the magnitude of the fields is considered. For magnetic materials, MSE will be a function of the incident induction field since the magnetic permeability is dependent on the field.
The selection of materials was based on availability of materials and prior experience [6] .
Materials tested in this investigation included T&Shield, M$hield, and copper. T&Shield is a composite material composed of copper, Permalloy 49, and copper. M@hield is a highpermeability magnetic foil, annealed for low shock sensitivity. The maximum length considered was 60 mm and covered the full length of the fuze body. Additionally, a ring shield configuration was 19 172171 long and was centered over the T/A. Still, another test was conducted where one end of the full shield was enclosed. Also, shield configurations were evaluated where the seams of the shield were taped together and soldered together. . The influence of the seams should be minimal since they were aligned in the rail-plane and, therefore, were not coincident with the component of field produced by the armature. The rails, armature, restraint, and shield material (with probe internal to the shield) are shown in Figure 2 . A summary of the materials selected and the configurations for use in this experiment are listed in Table 1 . The in-bore magnetic field was measured at two locations: the T/A location, 63 mm aft of the armature, and 29 mm further down-bore. These locations are within the axial space of the full-length shield. Initial charge voltages of I, 2, and 3 kV were used. These tests provided for six measurements of dB/dt that covered a range of incident fields from 0.02 T to 0.14 T.
Shown in Figure 3 are data for the 0.635mm (0.025 in).materials. As expected, the MSE decreased as the exposure field increased. Both the soldered and taped cylinders provided roughly the same MSE, although the MSE decreased slightly for the soldered cylinder. The soldered ring configuration 'had the lowest MSE. Because of the relatively small length-todiameter ratio, the field was able to extend into the relatively short interior of the cylinder. This effect is consistent with prior work [5] . The largest MSE was provided by the cylinder configuration with the end closest to the armature closed using 0.635mm (0.025 in) TI-Shield.
Shown in Figure 4 are data for the 0.254mm (0.01 in) materials. The MSE decreased for increased exposure field levels, similar to the MSE for the 0.635mm (0.025 in) data. The smallest MSE was for the copper material. Since the relative permeability for copper is unity, the MSE does not vary significantly as a function of the incident field. The field is excluded from the interior of the shield by the eddy currents that are generated in the relatively good conductor.
The variability in the measured data at low exposure fields is due to measurement error. 
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The heat from soldering adds carbon to the surface layer of the shield (i.e., carburizing), which results in a lower relative permeability. Both T&Shield configurations, however, provided for slightly larger MSE than the Mflhield material. This is because the TI-Shield is a composite material and the copper provides for the additional shielding when the induction field is large.
The data for the single layer materials shown in Figures 3 and 4 were fit to a function of the form
where B. was the exposure field. The constants for each material, Z and n, were fit using a regression analysis. The fitting constants are listed in Table 2 . Full-length shields are used (70 mm) unless specified otherwise. The attenuated field can be found from the ratio B,/MSE. The data in Figures 3 and 4 indicate that more than one layer will be needed to attenuate the field to the desired levels. Equation 1 and Table 2 were used to assess the performance of multilayered shield configurations. Shown in Figure 5 Beyond five layers, the materials were in close proximity to the rails. It is suspected that currents induced in the outer layer of the shield material are effective at inducing eddy currents in the rails. These induced currents generate induction fields that effectively combine with the armature field and diminish the effectiveness of the shielding at the outer layers. The calculations also indicate the ineffectiveness of the copper and soldered TI-Shield configurations. As noted for the single layer tests, the soldered T&Shield provided a negligible increase in MSE over the copper material. It can be seen that for an overall thickness less than 1.5 mm the 0.635 mm (0.025 in) thick material was more effective at attenuating the field. For available space greater than 1.5 mm, the 0.254 mm (0.01 in) material was more effective at attenuating the field. If, however, the exposure field was increased above 0.105 T, then the 0.635 mm (0.025 in) thick material was more effective at reducing the field. The attenuation of incident fields greater than approximately 0.1 T was very difficult to accomplish with a minimal thickness of shield material. Exposure fields less than 0.1 Tare most effectively attenuated by the 0.254 mm (0.01 in) TI-Shield.
TABLET. F'ITTINGCONSTANTSFORSHIELDMATERIALS
Because of the difficulty in handling the 0.635 mm (0.025 in) thick material and its smaller MSE', the 0.254 mm (0.01 in) thick material was selected for shielding the T/As. Four layers and eight layers were selected to reduce the field to the previous exposure level (0.084 r) and a further 25% reduction (0.060 T), respectively. In addition to the full-length shield configurations, a ring configuration having eight layers, fabricated from 0.254 mm (0.01 in) TIShield, was also selected for testing with the T/As. A photograph of the three shield configurations mounted on the fuze bodies is shown in Figure 8 . The exposure field at the T/A location was measured for the selected shield configurations. Shown in Figure 9 is the measured magnetic induction as a function of time. It can be seen that peak exposure levels consistent with the model predictions (see Figure 6 ) are attained. Although not considered in this report, substantial time delay to reach peak field is observed for increased shield thickness. A fully time-dependent treatment, which is beyond the scope of this effort, is needed to more accurately model the experimental results. 
TEST RESULTS FOR THE T/A
Twenty-five T/As were tested on the effects of the exposure fields. The initial charge voltage was 2.5 IN, which produced a peak armature current of 280 kA and a peak exposure field at the T/A location of 0.105 T. Five units were subjected at each shield configuration. Four T/As were subjected to single-exposure induction fields at initial charge voltages of 1.0,1.5,2.0, and 3.0 kV. The remaining T/A was not exposed to any in-bore field. All units were tested for voltage and frequency output prior to and after exposure tests.
The data taken on the T/As prior to exposure were used to compute an average output voltage and frequency. The variability was used to determine the standard deviation that normally exists in the T/As. The variability was expressed as a percent change from the average values. The variability in the average output voltage of the T/A is shown in Figure 10 . The abscissa is labeled in order of increasing exposure field for the four configurations tested (see exposure fields from previous tests [4] . In those tests, albeit with limited quantity T/As, some minor change in output voltage was also noted and is consistent with the results presented in Figure 10 . The eight-layer shield configuration provided adequate attenuation for the T/A as compared to the variability for the unexposed T/As. Shown in Figure 11 is the variability in output frequency for the four shield configurations.
-----Variability for pre-test data Although not as extreme as the voltage data, statistically, significant differences are seen for the high-exposure field (i.e., no shield). These data are also consistent with prior results [4] .
Data were taken for T/A exposure without shield configurations for initial charge voltages from I to 3 kV. The data at 2.5 kV (0.105 T) were taken from the tests for five T/As. Figure 12 is the change in the output voltage. Although these data were based on the exposure of a single T/A for a single pulse, the change in T/A performance was consistent with the data for multiple T/As (see Figure 10) . A similar plot is shown in Figure 13 for the change in the T/A output frequency. This data, and the data presented in Figure 11 , showed a slight degradation in the frequency output. The angle of the fuze is defined relative to the receiving antenna. An angle of 0" corresponds to the nose of the fuze pointed directly at the receiving antenna while 180' corresponds to the fuze pointed away from the receiving antenna. It can be seen that the beam width, defined by the -3-db level, decreased from 89" to 65" for the unshielded and shielded configurations, respectively. Although not plotted, less reduction in beam width, and MSE, is 14 observed for the ring-shield configuration. Effective field management must consider integration of the shield configuration with the performance of other PGM components.
Shown in

ACTIVE SHIELDING
As mentioned in Section 2, the attenuation of magnetic induction fields greater than 0.1 T becomes untenable. Active shielding can overcome this limitation, provided the added burden of coil windings and electronics can be more easily integrated into the PGM. In this section, measurements and an experiment are presented to illustrate the active shielding concept.
A schematic illustration of the experimental arrangement is shown in Figure 15 . The illustration shows the configuration as viewed from the rails. The field generated by the current flowing in the armature generates an exposure field BW. In this experiment, for convenience, coils were located in the bore insulators and provided for a near uniform field on the centerline of the bore. In practice, the coils are located in the body of the PGM. Again, for convenience, the coils were pulsed with a current from an external power supply. If implemented in an actual weapon, the magnetic energy associated with the armature could be used to drive a multitum coil (source) located adjacent to the armature. Additional circuitry is necessary to convert the source voltage, which resembles the time derivative of the armature field, to a source that resembles the armature current.
The armature current rises to peak in 0.45 LW. Using electrolytic capacitors, which typically have a capacitance of a few mF each, requires a coil inductance of a few $I. Selection of an adequate wire gage is essential, since a large circuit resistance will cause the time to reach peak field to occur earlier. The field produced by the armature will not be in-phase with the field produced by the coils, and very little cancellation of the field will occur. Additionally, a minimal number of turns should be used since the coils, when exposed to a dB/dt, will generate a voltage that is proportional to the number of turns.
The axial component of the magnetic induction, on the axis of symmetry, due to a current flowing in an N-turn circular loop of radius a, can be calculated from [7] B, = 3 poa2NI
where k is the permeability of free-space, I is the current flowing in the loop, and z is the axial distance from the mid-plane of the coil. The magnetic induction for two coils, spaced a distance d apart, can be computed using Equation (2) and added at each axial location z.
A 50-mm-diameter coil was constructed in order to measure the axial component of the induction field. Five turns of I4-gage wire were used. Shown in Figure 16 is the axial component of the induction field as a function of axial location. As expected, the axial component was fairly constant within the axial extent of the coil windings. As the distance from the coil was increased, the induction field decayed. However, at the distance midway between the two coils, the field was at a minimum of 0.027 T. Beyond the mid-plane, the field increased due to the influence of the other coil. Finally, beyond the axial extent of the coil, the induction field decayed more rapidly (roughly as 1/z2) and was nearly negligible at one coil diameter from the winding. The theory and experiment are in reasonable agreement.
A rectangular coil, shown in Figure 17 and having dimensions of 32 mm x 76 mm, was used to generate an in-bore field out of phase with the field produced by a current flowing in the armature. 
where e is the axial length of the coil and K is a function of the ratio a/C and can be determined
Calculated and measured results for the inductance were in good agreement and to a lesser degree for the resistance. Measurements of the resistance are more sensitive to the electrical connections to the impedance-bridge than for the inductance. This error is consistent with the data in Figure 18 . With less than 50 V on the on the electrolytic capacitors, the coils produced proportionately less field. Consequently, a small portion of the in-bore field was cancelled.
SUMMARY AND CONCLUSIONS
In-bore exposure forward of the armature, due to the armature induction field, can be reduced to manageable levels. Small, short shields (length-to-diameter ratio less than one) were not as effective as full-length shields with one (or both) ends enclosed. Perhaps the most effective technique for reducing the field on a component is simply to increase the distance between the source field and the component.
. Passive shielding utilized conducting materials to attenuate the exposure field. Magnetic materials, whose relative permeability was greater than one, were also used. The test results for . the MSE indicated that for exposure fields greater than 0.060 T the magnetic material saturated.
The material no longer provided substantial attenuation of the field. Nonmagnetic materials, whose relative permeability is equal to one, provided a constant attenuation regardless of the exposure field. For the exposure field considered in this report (0.105 7'), a composite structure (T&Shield) provided the optimum shielding. Combinations of materials other than those used in the TI-Shield are possible. However, further optimization was beyond the scope of this effort.
The MSE was proportional to the material thickness. However, the thick materials were difficult to form and join at the seams. Fortunately, the shields were oriented in the bore of the railgun such that the MSE was insensitive to the location of the seams. Soldering should be avoided, especially for thin materials, as the heat from soldering carburized the material, decreased the relative permeability, and reduced the MSE. Efficient use of available space for field attenuation required a large MSE per shielding thickness (MSE'). Since the MSE for magnetic materials was dependent on the induction field, it was not surprising that MSE' was also dependent on the induction field. Generally, for exposure fields less than 0.1 T, thin TI- Similar results, although to a lesser extent, were observed for the frequency output of the T/A.
The peak exposure field was presumed to demagnetize the magnets in the rotor of the T/A.
Active shielding can be efficiently implemented for field attenuation where the exposure field is much greater than 0.1 T and available space is limited. An experiment was conducted using windings located in the bore of the railgun and an external power supply. Only 0.7 J of peak magnetic energy was required to cancel the field generated by the armature. Further work is needed to generate the coil field from the inherent magnetic energy of the armature.
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Large power and energy are necessary to operate hypervelocity electromagnetic railguns.
These electrical quantities provide an in-bore environment that is rich in electric and magnetic fields. Despite potential deleterious effects on sensitive PGM components, no disastrous consequences were observed. Furthermore, one component was identified that developed anomalies in its performance and, using passive shielding, was successfully ameliorated.
